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Accuracy of hemodialysis modeling
MARIUSZ ZIO´ŁKO, JACEK A. PIETRZYK, and JOANNA GRABSKA-CHRZA˛STOWSKA
Department of Pediatric Nephrology, Polish-American Children’s Hospital; and Faculty of Electrical Engineering, Automatics,
Computer Science, and Electronics, University of Mining and Metallurgy, Krako´w, Poland
from patient weight are the simplest coefficients for mathemati-Accuracy of hemodialysis modeling.
cal models and have sufficient precision as well. The globalBackground. One- and two-compartmental models of he-
value of both compartments is slightly greater than the corre-modialysis (HD) are well known. These models make it possi-
sponding value for a one-compartmental model. The effective-ble to analyze the course of treatment and to predict the effect
ness of dialyzers is in practice lower than might be expectedof dialysis procedures. Mathematical modeling helps physicians
on the basis of the data provided by their manufacturers. Ureato match dialysis therapy to the individual needs of the patient;
cellular clearance is two times greater than creatinine and urichowever, the efficiency of the models depends on the accuracy
acid cellular clearances. The clearance differences are moreof the coefficients. How to select coefficients in the case of
prominent for the cellular membrane than for artificial semiper-one-compartmental models is known for urea and creatinine.
meable membranes.Less information is available for two-compartmental models.
Results on modeling of uric acid concentrations have not been
published.
Methods. The identification of the mathematical model coef- Mathematical modeling for hemodialysis aids the phy-ficients was based on the concentration measurements of three
sician in providing an accurate dialysis prescription asmarkers of uremic toxicity (urea, creatinine, and uric acid) in
well as predicting the course of the individual’s renalboth patients’ blood and dialysate. Blood samples were taken
from the arterial line several times throughout the dialysis disease. Although the two-compartmental models are
period. Simultaneously, dialysate samples were taken from a more effective than one-compartmental models in de-
test port in the dialyzer outflow line. The mathematical model termining the urea, creatinine and uric acid concentra-parameters were determined so as to minimize the deviations
tions, they are much more complicated to use in thebetween the measured points and the calculated curves. In
dialysis setting.this way, distribution volumes, cellular clearances, and dialyzer
mass transfer coefficients were estimated. Studies were carried out on six chronically dialyzed
Results. For a one-compartmental model, the median value patients in the course of three regularly performed he-
of distribution volume V 5 0.56 DW was obtained, where DW
modialysis (HD) sessions for each patient. The dialysesis the patient’s dry weight. For a two-compartmental model,
were performed at Dialysis Unit, Department of Pediat-intercompartment volume Vi 5 0.36 DW and extracompart-
ment volume Ve 5 0.21 DW. The following median values ric Nephrology, Jagiellonian University, Krakow, Po-
for cellular clearances were established: urea 415 (mL/min), land. Braun Secura hemodialysis machines were used,
creatinine 207 (mL/min), and uric acid 257 (mL/min). and low-flux polysulfone Fresenius F5 and F6 and Baxter
Conclusions. One- and two-compartmental models describe
CA-110 dialyzers were employed. During each HD ses-the concentration of the urea, creatinine, and uric acid very
sion, concentrations of four components (urea, creati-effectively, in contrast with phosphorus, in which modeling
results are not satisfactory. Although two-compartmental mod- nine, uric acid, and phosphorus) were determined on an
els are more effective, they are much more complicated than average of 11 times at 20-minute intervals by the use of
one-compartmental models, which justifies using the one-com- the automated dry method (Kodak Ectachem 700 XRpartmental model for hemodialysis modeling. A two-compart-
analyzer). About 1600 determinations of toxin concen-mental model must be used in the case of rebound phenomenon
trations in blood and dialysate were done. All the pa-modeling. The total body water values we have obtained are
similar to the anthropometrically based values for urea and tients gave their informed consent for their participation
creatinine and to a lesser degree for uric acid. Distribution in the studies carried out in the course of regular HD
volumes for one- and two-compartmental models obtained sessions.
Computer software was prepared to calculate the opti-
mal coefficients for the mathematical models. The valuesKey words: compartment models, distribution volume, clearance, dial-
ysis modeling, urea clearance. of the distribution volume for three commonly measured
uremic toxins (urea, creatinine, and uric acid) were com-Received for publication January 21, 1999
puted and compared with volumes obtained via five an-and in revised form August 26, 1999
Accepted for publication September 16, 1999 thropometrically based methods for total body water
assignment. The usefulness of these methods is discussedÓ 2000 by the International Society of Nephrology
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and analyzed according to the results derived from the uted volume V to experimental data, correction for mean
ultrafiltration was done automatically.experimental data.
Equation 1 has a simple interpretation. The rate ofExperimental data were also used to establish cellular
toxin concentration (left hand side of Equation 1) is aclearances for three toxins: urea, creatinine, and uric
decreasing (minus sign in the right hand side of (Equa-acid. Additionally, actual clearances of the dialyzers em-
tion 1) function of time t and is proportional to theployed were studied. The results were compared with
time variable toxin concentration (Ce), proportional tothe data supplied by the manufacturers. We found that
constant clearance (Kd) and inversely proportional toactual clearance values were lower than those reported
constant distribution volume (V). The solution of Equa-by the manufacturers.
tion 1 has the form:The study was undertaken with the following aims:
(1) to estimate the mathematical model coefficients by Ce(t) 5 C0e2tKd/V (Eq. 2)fitting theoretical curves to the measurements of urea,
where e < 2.72 is the base of the natural logarithm.creatinine, and uric acid concentrations in blood and
Equation 2 describes the decrease of toxin concentrationdialysate; (2) to compare one-compartmental curve fits
during the hemodialysis treatment. Coefficient C0 is anwith two-compartmental curve fits; (3) to verify the
initial toxin concentration.mathematical formulae describing dialyzers; and (4) to
Volume distribution (V) must be known in order tocompare the practical effectiveness of dialyzers for three
calculate the allowable dialyzer clearance (Kd) or thetoxins with the effectiveness expected on the basis of
optimal dialysis time. From Equation 2:the manufacturers’ data.
T 5
V
Kd
ln
C0
CT
(Eq. 3)
METHODS
Models of hemodialysis therapy where T is the HD duration; CT is the toxin concentration
value that should be arrived at as a result of HD; andWolf and his collaborators were the first who described
ln is the natural logarithm.dialysis kinetics and dialyzer clearance almost 50 years
Equation 3 is used in the calculation of dialysis dura-ago [1]. Renkin was also a pioneer in the mathematical
tion (T) necessary to decrease the toxin concentrationdescription of dialysis [2], while Sargent and Gotch suc-
level from the value C0 to CT if the toxin distributioncessfully introduced the one-compartmental model to
area in the patient’s body is V, and the dialyzer clearanceclinical practice in the late seventies [3, 4]. The benefits
Kd. Equation 3 could be helpful in clinical practice if theand risks of this model application have been described
data (V, Kd and C0) are not encumbered with significantand discussed in many clinical and theoretical articles
errors. The dependence of relative deviations DT/T of[5–13].
HD duration on the relative deviations of distributionFigure 1A shows the flows of any uremic toxin during
volume DV/V, dialyzer clearance DKd/Kd and toxin con-dialysis treatment according to the one-compartmental
centrations DC0/Co and DCT/CT has the form:model. All body fluids and plasma water are considered
as one volume of distribution [3, 4]. The mathematical DT
T
5
DV
V
2
DKd
Kd
1 1DC0C0 2
DCT
CT
2 lnC0CTmodel for this case has the form of an ordinary differen-
tial equation:
(Eq. 4)
dCe
dt
5 2
Kd
V
Ce (Eq. 1) The minus indicates the descending character of the
dependence (for example, between dialysis time and dia-
where Ce is the toxin concentration; t is the time; Kd is lyzer clearance). In clinical practice ln(C0/CT) < 1, be-
the dialyzer clearance, and V is the compartment volume. cause toxin concentration values decrease by approxi-
It was assumed that the change of volume (V) during mately 2.7 times as a result of hemodialysis. It follows
HD had little influence on the modeling efficiency and from Equation 4 that the deviations of the four argu-
could be neglected. Another assumption was that urea ments on the right hand side of Equation 3 have a similar
generation and the residual urea removal by the kidneys influence over the value of deviation DT/T of the dialysis
were very low in comparison with the dialyzer clearance duration. The V volume can be established relatively
(Kd). The mathematical model given by (Eq. 1) took easily and precisely enough on the basis of anthropomet-
only the most important phenomena into consideration. ric data, mainly the patient’s body mass. These methods
The less important phenomena sometimes cancelled will be presented in later in this article. The clearance
each other out, and sometimes their effects could be Kd can be determined on the basis of the information
represented by the coefficients that characterize domi- provided by the manufacturer of the dialyzer. Usually
this is the theoretical value resulting from in vitro experi-nant phenomena. For example, in adjusting the distrib-
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Fig. 1. Dialysis toxin flow according to a (A)
one-compartmental model and (B) two-com-
partmental model.
ments that are overestimated in comparison to in vivo
or actually measured values. Our observations and com-
dCi
dt
5
Kc(Ce 2 Ci)
Viments in this area are also presented below. The initial
C0 toxin concentration can be determined from a sample where Ce is the toxin concentration in blood; Ci is the
of the patient’s blood immediately before a dialysis pro- toxin concentration in interior water; Ve is the extracom-
cedure. The measurement must be precise. Thus, one partment volume; Vi is the intracompartment volume,
and Kc is the intercompartment mass transfer coefficient.has to use a high level analyzer and an independent
The toxin transfer between both compartments is de-analysis of two blood samples is recommended.
scribed by the product of a volumetric mass transferThe dialyzer clearance
coefficient Kc multiplied by the difference between toxin
concentrations (Ci 2 Ce). The rate of toxin concentra-Kd 5
V
T
ln
C0
CT
(Eq. 5)
tion in a particular compartment depends also on its
volume Ve or Vi. The rate of toxin removal by dialyzercalculation will be appropriate in relation to the planned
is (similarly to the one-compartmental model) a linearHD procedure. In this case, the HD duration T has to
function of concentration Ce with the proportionalitybe assumed.
coefficient equal to the ratio Kd/Ve. The model definedIn the case of a two-compartmental model, it is as-
by Equation 6 may be used for quantitative modeling ofsumed that body fluids are divided into two parts: those
toxin concentration changes if all constants (Ve, Vi, Kc,
directly and those indirectly accessible to the dialyzer and Kd) and variables (Ce and Ci) have been precisely
(Fig. 1B). The drop of toxin level in the blood, which is interpreted clinically. Therefore, Ce is regarded as the
directly accessible, is faster because of its direct contact toxin concentration value in the bloodstream flowing
with the dialyzer membrane. The consequence of toxin into the dialyzer, and it can be measured. The variable Ci
removal from this pool is a gradual solute transfer from is a toxin concentration value with no precise localization
the interior body water. The toxin concentration in two- within the patient’s body, and that is why it cannot be
compartmental model can be described by a set of two measured.
differential equations: When HD starts (t 5 0), toxin levels are equal within
all the body compartments:dCe
dt
5 2
Kc(Ci 2 Cd)
Ve
2
KdCe
Ve
(Eq. 6)
Ce(0) 5 Ci(0) 5 C0 (Eq. 7)
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and can be measured in the patient’s blood. This assump- Assuming that KA is known, the estimation of toxin
concentration in blood Ce can be calculated from thetion is justified from a practical viewpoint and it consti-
measured dialysate toxin concentration Cd:tutes the initial conditions for Equation 6. For the Ce
variable, the solution of Equation 6 with the initial condi-
tions given by Equation 7 is a time dependent function:
Ce 5 5Cd(1 2 aQd/Qb)1 2 a if Qb ? Qd
Cd(1 1 Qd/KA) if Qb 5 QdCe(t) 5 0.5C0 e
2ta1[(1 1 a3)e2ta2 1 (1 2 a3)eta2]
(Eq. 11)(Eq. 8)
wherewhere
a 5 e
KA(Qd2Qb)
QbQd
a1 5
Kc 1 Kd
2Ve
1
Kc
2Vi
Identification of model parameters
The method of model parameter identification pre-a2 5 !a21 2 KdKcViVe sented in this article is based on toxin concentrations
C˜e(ti) measured in blood and Ce(ti) calculated for blood
from the toxin concentration measured in dialysate. Thea3 5
ViKd 2 Kc(Vi 1 Ve)
2a2ViVe
.
identification problem consists in finding the coefficient
V, Ve, Vi, and Kc if C˜e(ti) and Ce(ti) are known, whereDialyzer clearance identification
i 5 1, . . . ,I are numbers of samples. These coefficients
Assigned dialysis clearance (Kd) measurements are of the mathematical models given by Equation 1 and
based on data provided by manufacturers. Information Equation 6 were found by computer minimization of the
is usually given in the form of tables or figures, and is quantity criterion:
mainly limited to “in vitro” Kd values for a given blood
flow (that is, 200 or 300 mL/min). The rate of solute Q 5 !1Io
I
i50
1C˜e(ti) 1 Ce(ti)2 2 Ce(ti)2
2
.
removal can also be calculated by applying the formula:
(Eq. 12)
The quantity criterion (Eq. 12) is the mean value of theKd 5 5QbQd
eKA/Qb 2 eKA/Qd
QdeKA/Qb 2 QbeKA/Qd
if Qb ? Qd
KAQb
KA 1 Qb
if Qb 5 Qd
differences between the toxin concentrations C˜e and
Ce obtained from measuring results and the values for
Ce calculated from Equation 2 or Equation 8, respec-(Eq. 9)
tively, at a discrete time denoted by ti.
where Qb is the blood flow rate (mL/min); Qd is the The volume distributions (V, Ve, Vi) are the key pa-
dialysate flow rate (mL/min); and KA is the overall mass rameters in this case of mathematical modeling. In our
transfer coefficient (mL/min). case, these parameters were determined by minimizing
The coefficient KA is a measure of the dialyzer’s intrin- Equation 12, but in clinical practice they ought to be
sic capacity to transfer toxin from the blood to the dialy- estimated from anthropometric data. One of the aims
sate compartment. The value of coefficient KA is some- of this article was to compare these two methods. Five
times given by a dialyzer’s manufacturer and it should different formulae for the distribution volume are re-
be generally constant for a given toxin and a given dia- cently used. The popular Watson formulae using age,
height and weight in men and height and weight inlyzer. In clinical practice, for an individual patient-dia-
women are as follows [14]:lyzer system, the KA coefficient can be identified by
applying the formula: Vmale 5 2.477 2 0.09516A 1 0.1074H 1 0.3362DW
Vfemale 5 22.097 1 0.1069H 1 0.2466DW
(Eq. 13)
KA 5 5
QbQd
Qd 2 Qb
ln
Qb(C˜e 2 Cd)
C˜eQb 2 CdQd
if Qd ? Qd
QdCd
C˜e 2 Cd
if Qb 5 Qd where A is age (years); H is height (cm); and DW is the
patient’s weight after HD (dry weight in kg). For practi-
(Eq. 10) cal purposes, a simplified formula considering only the
body weight of patients is frequently employed [15] towhere C˜e toxin concentration measured in blood flowing
calculate volume according to the relationships:into dialyzer, and Cd is the toxin concentration measured
in dialyzer outflow line. Both concentrations, C˜ and Cd, Vmale 5 0.58DW and Vfemale 5 0.55DW
(Eq. 14)must be measured at the same time.
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Table 1. Results of measurements and modeling of urea concentrations
Concentration
Mass Concentration in Averagemeasured in
transfer blood calculated concentration in Concentration
Time blood dialisate coefficient from the concen- blood (c.3 1 c.6)/2 from model
N min mmol/L mmol/L KA mL/min tration in dialysate mmol/L (Eq. 8)
1 2 3 4 5 6 7 8
1 0 34.9 —b —b —b 34.9a 34.8
2 10 30.3 9.8 325 30.5 30.4 30.8
3 22 28.2 9.3 339 29.0 28.6 28.0
4 30 26.4 8.6 330 26.8 26.6 26.7
5 45 24.6 7.9 320 24.6 24.6 24.7
6 60 22.5 7.3 327 22.7 22.6 23.1
7 90 20.9 —b —b —b 20.9a 20.4
8 120 18.1 5.6 297 17.8 18.0 18.0
9 150 16.6 5.0 282 15.6 16.1 15.9
10 180 14.5 4.3 274 13.4 14.0 14.1
11 210 13.0 3.7 254 11.5 12.3 12.4
Median value of mass transfer coefficient KA 5 320 is equivalent to clearance Kd 5 160.
aTaken from the third column
bLack of data
According to Bock, the compartment volume V de- related to its determination; the intercompartmental
pends only upon height and weight: mass transfer coefficient has a contractual character.
Such Kc ought to be fitted so that the toxin concentrationVmale 5 214.249 1 0.19678H 1 0.29571DW described by Equation 8 meets the measured toxin con-
and Vfemale 5 29.926 1 0.17003H 1 0.21371DW centration in the best way. If the amount of measurement
(Eq. 15) data is sufficient, then it allows for a precise Kc calcula-
tion.The approach of Hume-Weyers et al [14] is similar to
Bock’s, but the coefficients are different:
RESULTSVmale 5 214.249 1 0.19678H 1 0.296785DW
An example of measurements and modelingand Vfemale 5 235.270121 5 0.344547H 1 0.183809DW
The results of a dialysis session modeling for a 23-(Eq. 16)
year-old male patient (R.S.), whose postdialysis body
The equation weight was 58 kg is presented. The patient was dialyzed
thrice a week employing a polysulfone F-6 dialyzer (Fre-V 5 20.07493713 · A 2 1.01767992 · G
senius), and each session lasted 3 hours and 30 minutes.
1 0.12703384 · H 2 0.04012056 · DW
The blood flow rate through the dialyzer was 250 mL/
1 0.57894981 · D 2 0.00067247 · DW 2 min, and the dialyzer flow rate 500 mL/min. Blood sam-
ples were collected from an arterial line before entering
2 0.03486146 · A · G 1 0.11262857 · DW · G
the dialyzer, simultaneously with dialysate samples that
1 0.00104135 · A · DW 1 0.00186104 · H · DW were collected from a test port in the dialyzer outflow
(Eq. 17) line. The samples were collected 11 times according to
the schedule presented in column 2, Table 1. Determina-presented by Chertow et al is the most complicated but
tions of urea, creatinine, uric acid and phosphorus init was obtained from data recorded for dialysate patients
blood and in dialysate were made. On the basis of Equa-[16]. G in Equation 17 is equal to 1 for male and to 0
tion 10, dialyzer mass permeability coefficients KA werefor female; D is equal to 1 for diabetes and equal to 0
calculated for urea, creatinine and uric acid. By minimiz-for nondiabetes.
ing the criterion (Eq. 12), the distribution volumes (V,Few data are available in the literature on the inter-
Ve, Vi) were determined for particular toxins in one- andcompartmental mass transfer coefficient Kc, although
two-compartmental models, as well as cellular clearancesthis parameter is an integral part of the two-compartmen-
Kc. The results are presented in the Tables and Figures.tal model (Equation 6). Most likely there are two reasons
Only one graph is presented for phosphorus, since theresponsible for this situation. The first results from a
modeling results were unsatisfactory (Fig. 11). The spe-much less frequent use of the two-compartmental model
cific kinetics of phosphate also have been observed bythan the one-compartmental model. The second reason
for the lack of information about Kc lies in difficulties Maasrami et al [11].
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Fig. 6. Mass transfer coefficient (KA mL/min) calculated for creatinine.
Fig. 2. Blood urea concentration. Symbols are: (r) measured; (j) one-
compartmental model; (m) two-compartmental model.
Fig. 7. Dialysate creatinine concentration.
Fig. 3. Mass transfer coefficient (KA mL/min) calculated for urea.
Fig. 4. Dialysate urea concentration.
Fig. 8. Blood uric acid concentration. Symbols are: (r) measured; (j)
one-compartmental model; (m) two-compartmental model.
Fig. 5. Blood creatinine concentration. Symbols are: (r) measured;
(j) one-compartmental model; (m) two-compartmental model.
Fig. 9. Mass transfer coefficient (KA mL/min) calculated for uric acid.
The results of urea concentration modeling for patient
R.S. are: (2) intercompartment mass transfer coefficient Kc 5
477 mL/min,
(3) extracompartment volume Ve 5 10623 mL,(1) one-compartmental distribution volume V 5
32941 mL, (4) intracompartment volume Vi 5 22645 mL,
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(2) intercompartment mass transfer coefficient Kc 5
113 mL/min,
(3) extracompartment volume Ve 5 20097 mL,
(4) intracompartment volume Vi 5 25282 mL,
(5) mean value deviation (Eq. 12) between measured
concentrations (column 7 in Table 2) and the val-
ues of the two-compartmental model is Q 5 12
mmol/L.
Fig. 10. Dialysate uric acid concentration.
The results of uric acid concentration modeling for
patient R.S. are:
(1) one-compartmental distribution volume V 5
22546 mL,
(2) intercompartment mass transfer coefficient Kc 5
208 mL/min,
(3) extracompartment volume Ve 5 11671 mL
(4) intracompartment volume Vi 16278 mL,
(5) mean value deviation (Eq. 12) between measured
concentrations (column 7 in Table 3) and the val-
ues of the two-compartmental model is (Q) 5 3.0Fig. 11. Blood phosphorus concentration. Symbols are: (r) measured;
(j) one-compartmental model; (m) two-compartmental model. mmol/L.
Clearance identification
Table 4 presents both the clearance values calculated
using classic methods employing the data provided by
the manufacturer, and the values identified through toxin
concentration measurements. The determinations were
done both in blood flowing into the dialyzer and in the
dialysate. The measurements were performed 10 or 11
times in each course of three regular HD sessions for
six patients. In all the cases non-reutilized dialyzers were
employed. On the basis of Equation 10, the overall mass
transfer coefficients KA were calculated, and subse-
quently, on the basis of Equation 9, the clearance values
Kd were computed. The identified clearances (Table 4)
were typically 19% to 33% lower than published for in
vitro values and 10% to 27% lower than published for
in vivo values.Fig. 12. Comparison of average errors for Equations 13 through 17,
and both one- and two-compartmental models. Symbols are: (m) Wat-
Compartment volume identificationson; (j) Hume; (h) simplified; (X) Chertow, and (3) Bock.
The above presented methods were employed to cal-
culate the compartment volumes V, Ve and Vi in six
chronically dialyzed patients. All patient data are listed(5) mean value deviation (Eq. 12) between measured
in Table 5. The volumes calculated according to anthro-concentrations (column 7 in Table 1) and the val-
pometric measurements are listed in Table 6. In eachues of the two-compartmental model is Q 5 0.33
column the first value was calculated when the patient’smmol/L.
post-HD weight was introduced to the equation, and
the second for his/her pre-HD weight. The differencesThe results of the creatinine concentration modeling
between the two values are small (up to 6.3%), but theyfor patient R.S. are:
are noticeable in statistical analysis. If the patient’s predi-
alysis weight was introduced into anthropometric equa-(1) one-compartmental distribution volume V 5
31385 mL, tions, then the resulting distribution volume was always
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Table 2. Results of measurements and modeling of creatinine concentrations
Concentration
Mass Concentration in Averagemeasured in
transfer blood calculated concentration in Concentration
Time blood dialisate coefficient from the concen- blood (c.3 1 c.6)/2 from model
N min mmol/L mmol/L KA mL/min tration in dialysate lmol/L (Eq. 8)
1 2 3 4 5 6 7 8
1 0 1499 —b —b —b 1499a 1522
2 10 1423 337 186 1489 1456 1442
3 22 1270 326 212 1441 1356 1356
4 30 1277 302 185 1335 1306 1304
5 45 1237 280 173 1237 1237 1218
6 60 1102 261 186 1153 1128 1144
7 90 1035 —b —b —b 1035a 1024
8 120 935 210 171 928 932 930
9 150 869 193 168 853 861 855
10 180 801 173 161 764 783 793
11 210 778 158 147 698 738 740
Median value of mass transfer coefficient KA 5 173 is equivalent to clearance Kd 5 113.
aTaken from the third column
bLack of data
Table 3. Results of measurements and modeling of uric acid concentrations
Concentration
Mass Concentration in Averagemeasured in
transfer blood calculated concentration in Concentration
Time blood dialisate coefficient from the concen- blood (c.3 1 c.6)/2 from model
N min lmol/L lmol/L KA mL/min tration in dialysate lmol/L (Eq. 8)
1 2 3 4 5 6 7 8
1 0 421 —b —b —b 421a 418
2 10 371 94 207 373 372 379
3 22 342 89 217 354 348 343
4 30 326 81 201 322 324 325
5 45 298 75 205 298 298 297
6 60 274 69 205 274 274 275
7 90 242 —b —b —b 242a 241
8 120 214 53 200 211 213 214
9 150 189 48 208 191 190 191
10 180 167 43 213 171 169 171
11 210 159 39 197 155 157 154
Median value of mass transfer coefficient KA 5 205 is equivalent to clearance Kd 5 126.
aTaken from the third column
bLack of data
Table 4. F6 Fresenius dialyzer clearance (blood flow rate 250 tions of each toxin concentrations were made. The medi-
mL/min and dialysate flow rate 500 mL/min)
ans from the three assessed sessions for each patient and
In vitro In vivo Identified each compartment are separately listed in Table 7.
The anthropometrically derived volume results (TableUrea 208 188 169619
Creatinine 184 169 124612 6) were compared with the results (Table 7) obtained
Uric acid No manufacturer data available 13269 from the measurements and computer minimization of
criterion (Eq. 12). For each method and each toxin, the
relative error was calculated as:
greater than the values arrived at through kinetic identi-
E 5
1
18 o
6
n51
o
3
i51
V(n)formula 2 V(n,i)identification
V(n,i)identification
(Eq. 18)fication.
In Table 7 the results of one- and two-compartmental
along with standard deviationmodel volume identification for four commonly mea-
sured uremic toxins (urea, creatinine, uric acid and phos-
d 5 ! 118 o
6
n51
o
3
i51
1E 2 V
(n)
formula 2 V(n,i)identification
V(n,i)identification
2
2
phorus) are presented. Blood samples and dialysate sam-
ples were drawn in three consecutive dialysis sessions,
10 to 11 times per each treatment. About 400 determina- (Eq. 19)
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Table 6. Compartment volumes calculated from Equations 13 to 17Table 5. Patient data
Age Height Weight Volumes L
Patient Sex years cm kg Diagnosis
Patient Watson Simple Bock Hume Chertov
M.P. F 11 129.5 22.7–23.7 Chronic pyelonephritis
M.P. 17.3–17.6 12.5–13.0 16.9–17.2 13.5–13.7 20.1–20.3M.D. F 24 161.5 48.7–51.9 Lupus nephritis
M.D. 27.2–28.0 26.8–28.5 27.9–28.6 29.3–29.9 31.0–31.7Ma.K. M 17 154 69.4–69.8 Chronic pyelonephritis
Ma.K. 40.7–40.9 40.3–40.5 36.6–36.7 36.6–36.7 39.6–39.7M.S. F 35 175 55.1–58.0 Renal cirrhosis
M.S. 30.2–30.9 30.3–31.9 31.6–32.2 35.2–35.7 35.3–36.0Mi.K. M 14 137 36.5–38.8 Chronic pyelonephritis
Mi.K. 28.1–28.9 21.2–22.5 23.5–24.2 23.5–24.2 26.4–27.1Chronic rejection after
R.S. 35.2–36.2 31.9–33.6 32.1–33.0 32.1–33.0 34.8–35.7kidney transplantation
R.S. M 23 153 55.0–58.0 Bladder extrophy with
secondary urolithiasis
and chronic renal failure
basis of the data provided by their manufacturers, that
is, 19% for urea and 33% for creatinine. Besarab et al
observed that dialyzer urea clearances were typically
where: V(n,i)formula is the compartment volume calculated 15% to 20% lower than the published manufacturer’s
from anthropometrically based (Eq. 13 through Eq. 17) values [17].
for the n-th patient and i-th HD session; and V(n,i)identification is The above results are based on a relatively large num-
the compartment volume identified for the n-th patient ber of measurements and on precise calculation methods.
and i-th HD session (a sum of two compartments in the It could therefore be postulated that the results are an
case of the two-compartmental model). accurate representation of the studied phenomena. How-
ever, one should still remember that our studies were
Determination of cellular clearance in human subjects carried out in young patients (Table 5), whose mean age
The calculated cellular clearance Kc values are pre- was 23 years.
sented in Table 10. In Fig. 14 shows the medians, mean The sensitivity of mathematical models Equations 1
values and standard deviations calculated from these and 6, as far as estimating coefficients is concerned, is
data. The median value of 415 mL/min for urea is consis- relatively low. This makes it difficult to precisely estimate
tent with the mean value of 540 mL/min published by model parameters on the basis of experimental data. It
Schneditz et al [13] and 552 mL/min used in [11] by is particularly difficult to estimate those parameters that
Maasrani et al. represent phenomena of secondary importance. This low
sensitivity also has a beneficial aspect. The effectiveness
of modeling can be sufficiently good even if the modelDISCUSSION
coefficients have been selected in a way that is somewhat
Equation 11 makes it possible to determine a toxin lacking in precision. In clinical circumstances, anthropo-
concentration level in the patient’s blood on the basis metrically derived data are the most useful way to obtain
of measurements made in the dialysate. Thus, blood col- coefficients for mathematical models. Their application
lection from the patient is not necessary, although the in dialysis may be limited to the Bock, Hume et al and
amount collected each time (0.1 ml drawn 11 times in “simplified” methods. The effectiveness of these three
the course of a dialysis session) is small and does not methods is similar, and thus each can be successfully
constitute any threat even to anemic patients. Sometimes employed in clinical practice. Equation 14 has one great
the legal aspect is more important. The collection of advantage: it is sufficient to know only the patient’s
dialysate samples does not require the patient’s consent, weight. It seems that for this reason, it is the best among
as happens in the case of blood samples, since dialysate all the equations published in the literature for calculat-
is treated as a waste product. One should also bear in ing the anthropometric distribution volume in a one-
mind the fact that the accuracy of determining toxic compartmental model. Equations 14 to 16 yield errors
levels in dialysate is greater than in blood samples. Possi- less than 8% magnitude in urea modeling (Table 8). The
bly, future generation dialyzing units will be equipped rates of errors slightly increased in creatinine modeling.
with an analyzer of selected toxin levels in dialysate The global value of both compartments in two-compart-
to facilitate the evaluation of on-line dialysis effects. mental models is slightly higher than the corresponding
Equation 11 will then be required for converting dialy- value for a one-compartmental model. The identified
sate concentration values to blood toxin levels. In order compartment volumes for uric acid are distinctly lower
for a calculation based on Equation 11 to be accurate, (Table 7) than for urea and creatinine. Thus, the values
the proper values of KA must be known. Unfortunately, arrived at on the basis of Equations 14 to 16 are too
they are not always available. As follows from the mea- high, and deviations can reach 31%. The Chertow et al
surements presented earlier, the effectiveness of dialyz- Equation 17 yields values that are too high (the devia-
tions range from 3% for a two-compartmental creatinineers is in practice lower than might be expected on the
Zio´łko et al: Hemodialysis modeling 1161
Table 7. Median values of compartment volumes V and Ve 1 Vi identified from one- and two-compartmental models
Volume L
Urea Creatinine Uric acid Phosphorus
Patient one-comp. two-comp. one-comp. two-comp. one-comp. two-comp. one-comp. two-comp.
M.P. 14.4 5.019.9 13.6 6.4110.8 14.4 4.8110.8 3.2 2.5130.7
M.D. 29.0 11.5117.7 27.3 14.0117.7 19.9 6.6114.6 33.6 11.6166.4
Ma.K. 36.0 3.6129.1 30.1 10.8123.9 27.0 7.0120.3 75.8 4.0178.3
M.S. 32.7 18.1121.1 33.8 25.8119.9 25.2 11.2115.7 19.5 8.61114.5
Mi.K. 16.9 5.2111.6 19.5 15.713.9 17.2 5.0111.6 16.2 1.9124.2
R.S. 32.9 10.6122.6 30.4 22.7152.3 25.5 11.7116.3 20.1 7.5139.7
Fig. 13. Comparison of standard deviation values for Equations 13
through 17, and both one-and two-compartmental models. Symbols are:
Fig. 14. Comparison of cellular clearances for the selected toxins. Sym-(m) Watson; (j) Hume; (h) simplified; (X) Chertow, and (3) Bock.
bols are: (m) median; (h) mean value; (whisker) standard deviation.
model to 46% for a one-compartmental uric acid model.
where DW is the postdialysis weight of the patient (dry
The average errors and the standard deviations for an-
weight). Equation 20 represents the median values (Ta-
thropometrically based methods are presented in Table
ble 11) for the three toxins. In the case of the one-
8 and Table 9, respectively.
compartmental model, the toxin distribution volume de-
When the postdialysis weight of the patient is intro-
viations from 56% of the patient’s weight do not exceed
duced into Equations 14 to 16, satisfactory distribution
10% for all the three toxins. The global values (Ve 1
volumes are obtained for urea and creatinine, while the
Vi) for the two-compartmental model show relatively
values for uric acid are too high (compare Table 6 and
small deviations from the value of 0.57DW arrived at
Table 7; see Fig. 12). All anthropometrically based meth-
using Equation 20. Clearly, larger deviations are ob-
ods, except Equation 17, were established in healthy
served for particular compartments in a two-compart-
individuals. Thus, the post-hemodialysis weight of the
mental model. This means that the value of the sum of
patient, or the so-called dry weight, should be introduced
both compartments is of great importance in modeling
into these equations.
accuracy, but its distribution to particular compartments
It seems that adequately precise volumes for Ve and
is of secondary significance. According to Yasamura’s
Vi can be achieved from the patient’s body mass. Table
and Friis-Hansen’s data in Maasrani et al’s study [11],
11 presents the distribution volume median values for
Ve 5 V/3 and Vi 5 2V/3, which makes Ve 1 Vi 5 V.
the three uremic toxins studied. As follows from these
From our observations it follows that Ve 5 0.375V and
data, the following equations can be employed to calcu-
Vi 5 0.643V, which gives Ve 1 Vi 5 1.018V. The aggre-
late toxin distribution volumes:
gate volume of the two compartments in the bicompart-
ment model is slightly greater than the volume in theV 5 0.56DW
single-compartment model. The results (Table 7) for the
Ve 5 0.21DW (Eq. 20)
single-compartment model differ from the values derived
from Equation 20 by approximately 7%, 2%, 4%, 2%,Vi 5 0.36DW
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Table 8. Average errors (Eq. 18) for anthropometrically based methods of volume determination
Urea Creatinine Uric acid
one-comp. two-comp. one-comp. two-comp. one-comp. two-comp.
Watson 0.15 0.12 0.17 20.02 0.39 0.32
Equation 14 0.01 0.02 0.03 20.14 0.24 0.18
Bock 0.08 0.05 0.10 20.08 0.31 0.25
Hume 0.07 0.04 0.08 20.09 0.30 0.24
Chertow 0.21 0.17 0.23 0.03 0.46 0.39
Table 9. Standard deviations (Eq. 19) for anthropometrically based methods of volume determination
Urea Creatinine Uric acid
one-comp. two-comp. one-comp. two-comp. one-comp. two-comp.
Watson 0.26 0.27 0.20 0.29 0.23 0.24
Equation 14 0.16 0.19 0.16 0.23 0.24 0.25
Bock 0.16 0.18 0.12 0.23 0.15 0.16
Hume 0.17 0.19 0.11 0.24 0.21 0.22
Chertow 0.20 0.21 0.15 0.27 0.16 0.17
Table 11. Estimates of cellular clearances and distribution volumesTable 10. Identified cellular clearances
Kc mL/min Kc median V/DW Ve/DW Vi/DW
Patient Urea Creatinine Uric acid Urea 415 0.60 0.21 0.40
Creatinine 207 0.56 0.35 0.36
M.P. 54, 394, 490 130, 170, 63 232, 314, 208 Uric acid 257 0.46 0.17 0.30
M.D. 640, 288, 372 408, 11774, 533 349, 154, 334
Ma.K. 310, 447, 203 8395, 12048, 9755 165, 116, 257
M.S. 174, 290, 415 207, 197, 311 245, 121, 473
Mi.K. 768, 1108, 633 332, 165, 444 474, 480, 290
R.S. 477, 749, 332 113, 44, 63 208, 386, 159
and creatinine is mentioned by Maasrani et al [11]. They
obtained the mean value of Kc 5 552 for urea and Kc 5
274 for creatinine (our estimations are Kc 5 415 and
207, respectively). These relationships were similar to11% and 2%. The sum of both compartments differs
the relationships between dialyzer clearances for the ex-from that derived from Equation 20 by 6%, 0%, 11%,
amined toxins (Table 4). The clearance differences are11%, 13% and 1%. Thus, it seems that these deviations
more prominent for the cellular membrane than for arti-can be considered acceptable. Slightly greater deviation
ficial semipermeable membranes. The median values ofvalues are obtained for extracellular compartments. The
urea cellular clearances were almost three times greatersum of both compartments can be estimated in a more
than the values of urea dialyzer clearance. In the caseprecise way than its particular components.
of uric acid and creatinine, the cellular clearances areIn modeling phosphorus kinetics, other mathematical
almost two times greater than dialyzer clearances. Sig-models should be employed, as the presently obtained
nificant differences in cellular clearance were found forresults are unsatisfactory. The phosphorus concentration
creatinine. For two patients (M.D. and Ma.K. in Table 10),level at the end of a dialysis session is stable, and some-
much higher values were obtained than for other pa-times even increases, which cannot be satisfactorily mod-
tients. This means that creatinine may be wholly availableeled employing Equations 1 and 6. The compartment
directly through blood. In such cases, a one-compartmen-volumes (Table 7) calculated on the basis of the phospho-
tal model is more adequate than a two-compartmentalrus concentration measured in blood have considerable
one. The single-compartmental concentration kineticserrors. Similar effects were observed by Maasrani et al,
(a very high value of Kc), which is seen sometimes forand some explanations are given in [11].
creatinine, is more rare for urea, and never occurs forIn a two-compartmental model, the cellular clearances
uric acid, clearly results from our measurements. Inwere found to show individual differences for given tox-
Schneditz et al’s study it is suggested that the high Kcins. It is well known that Kc urea is greater than Kc
values reported in the literature (up to 2000 mL/min)creatinine. A similar effect was found in our studies: Kc
may include a fair amount of access recirculation andurea was two times greater (Table 11) than Kc creatinine
and Kc uric acid. Exactly this same proportion of urea cardiopulmonary recirculation [13].
Zio´łko et al: Hemodialysis modeling 1163
Replacement of Renal Function by Dialysis, edited by Maher JF,The parameters Ve, Vi and Kc identified on the basis
New York, Kluwer Academic Publishers, 1989, pp 87–143
of experimental data have considerable standard devia- 5. Burgelman M, Vanholder R, Fostier H, Beigair S: Estimation
of parameters in a two-pool urea kinetic model for hemodialysis.tions as a result of the relatively small sensitivity of the
Med Eng Phys 19:69–76, 1997quantity criterion (Eq. 12) near the optimal solution.
6. Depner TA: Prescribing Hemodialysis. New York, Kluwer Aca-
The two-compartmental model is mathematically more demic Publishers, 1991
7. Gotch FA: Kinetic modeling in hemodialysis, in Clinical Dialysis,complicated than the corresponding one-compartmental
edited by Nissenson AR, Fine RN, Gentile D, Norwalk, Appletonmodel. The effectiveness in hemodialysis modeling is and Lange, 1990, pp 118–146
similar for both models, thus justifying the use of a one- 8. Hakim RM, Depner TA, Parker TF: Adequacy of hemodialysis.
Am J Kidney Dis 20:108–122, 1992compartmental model. The two-compartmental descrip-
9. Kopple JD, Jones MR, Keshaviah PR, Bergstrom J, Lindsay RM,tion of toxin kinetics ought to be used when explaining Moran J, Nolph KD: A proposed glossary for dialysis kinetics. Am
a steep increase of toxin concentration immediately after J Kidney Dis 26:963–981, 1995
10. Lopot F (editor): Urea kinetic modelling, in EDTA/ERCA Seriesthe end of the dialysis (the so-called rebound phenom-
(vol 4), Belgium, D. Verlinde, 1990enon). 11. Maasrani M, Jaffrin MY, Fischbach M, Boudailliez B: Urea,
creatinine and phosphate kinetic modeling during dialysis: Applica-
tion to pediatric hemodialysis. Artif Kidney Dial 18:122–129, 1995ACKNOWLEDGMENTS
12. Pastan S, Colton C: Transcellular urea gradients cause minimal
depletion of extracellular, during hemodialysis. ASAIO TransThis research was supported in part by Scientific Research Commit-
35:247–250, 1989tee grant KBN 0553/P4/93/05.
13. Schneditz D, Fariyike B, Osheroff R, Levin MW: Is intercompar-
tmental urea clearance during hemodialysis a perfusion term? AReprint requests to Dr. Jacek Pietrzyk, Department of Pediatric Ne-
comparison of two pool urea kinetic models. J Am Soc Nephrolphrology, Polish-American Children’s Hospital, ul.Wielicka 265, 30–663
6:1360–1370, 1995Krako´w, Poland.
14. Watson PE, Watson ID, Batt RD: Total body water volumes
for adult males and females estimated from simple anthropometric
measurements. Am J Clin Nutr 33:27–39, 1980REFERENCES
15. Hume R, Weyers E: Relationship between total body water and
1. Wolf AV, Remp DG, Killey JE, Currie GD: Artificial kidney surface area in normal and obese subjects. J Clin Pathol 24:234–238,
function: Kinetics of HD. J Clin Invest 30:1062–1070, 1951 1971
2. Renkin EW: The relationship between dialysance, membrane area, 16. Chertow GM, Lazarus JM, Lew NL, Ma L, Lowrie EG: Develop-
permeability, blood flow in the artificial kidney. ASAIO Trans ment of a population-specific regression equation to estimate total
2:102–105, 1956 body water in hemodialysis patients. Kidney Int 51:1578–1582, 1997
3. Sargent JA, Gotch FA: Mathematical modeling of dialysis ther- 17. Besarab A, Ross R, Frinak S, Zasuwa G: Increased urea kinetic
apy. Kidney Int 18(Suppl 10):2–10, 1980 modeling, possible mechanisms and its significance. ASAIO J
4. Sargent JA, Gotch FA: Dialysis principles and biophysics, in 43:303–310, 1997
